The extent to which star formation varies in galaxies with low masses, low metallicities, and high star formation rate surface densities is not well-constrained. To gain insight into star formation under these physical conditions, this paper estimates the ionizing photon fluxes, masses, and ages for young massive clusters in the central region of II Zw 40 -the prototypical low-metallicity dwarf starburst galaxy -from radio continuum and optical observations. Discrete, cluster-sized sources only account for half the total radio continuum emission; the remainder is diffuse. The young ( 5 Myr) central burst has a star formation rate surface density that significantly exceeds that of the Milky Way. Three of the 13 sources have ionizing photon fluxes (and thus masses) greater than R136 in 30 Doradus. Although isolating the effects of galaxy mass and metallicity is difficult, the H ii region luminosity function and the internal extinction in the center of II Zw 40 appear to be primarily driven by a merger-related starburst. The relatively flat H ii region luminosity function may be the result of an increase in ISM pressure during the merger and the internal extinction is similar to that generated by the clumpy and porous dust in other starburst galaxies.
INTRODUCTION
Dwarf starburst galaxies have the potential to provide vital information about how star formation proceeds when subject to physical conditions not present in the Milky Way. These galaxies typically have lower masses, lower metallicities, and much higher star formation rate surface densities than spiral galaxies, which may change what physical processes are important for star formation and the properties of the stars and clusters in the galaxy.
The effects of the unique environment for star formation found in dwarf starburst galaxies can manifest in several ways. First, the clusters in these galaxies may be larger than the clusters in normal galaxies due to either lack of large-scale shear from differential rotation (Weidner et al. 2010 ), higher gas pressures (Elmegreen & Efremov 1997) , or high gas densities decreasing the effectiveness of radiation pressure for fragmenting molecular clouds (Krumholz et al. 2010) . Second, the molecular gas tracers in these galaxies may have different properties than the molecular gas tracers in more normal galaxies: there are fewer metals overall, less dust to serve as a formation site for molecular akepley@nrao.edu areines@nrao.edu kej7a@virginia.edu, lisamay@virginia.edu 1 currently at the National Radio Astronomy Observatory, P.O. Box 2, Green Bank, WV 24944, USA 2 Einstein Fellow hydrogen, and the harder radiation fields may destroy more dust (Galliano et al. 2003 (Galliano et al. , 2005 Madden et al. 2006) and molecules (e.g. Bolatto et al. 2008) . Finally, star formation may be regulated by different mechanisms in dwarf starburst galaxies including the radiation pressure and/or H ii region expansion (Murray et al. 2010 ) and the injection of turbulence by supernovae (Ostriker & Shetty 2011) . The prototypical dwarf starburst galaxy II Zw 40 provides an important test case for models of star formation in low-mass, low-metallicity, and high star formation rate surface density environments. This galaxy, along with I Zw 18, originally defined the blue compact dwarf galaxy class, which consists primarily of low mass, low metallicity, starbursting galaxies (Sargent & Searle 1970; Searle & Sargent 1972; see Gil de Paz et al. (2003) for an updated definition). The total dynamic mass of II Zw 40 (6 × 10 9 M ⊙ ; Brinks & Klein 1988 ) is only 4% of the total dynamic mass of the Milky Way. Furthermore, II Zw 40 has a metallicity of only 1/5 Z ⊙ (12 + log(O/H) = 8.09; Guseva et al. 2000) . Finally, the star formation rate surface density for this entire dwarf galaxy is 0.4 M ⊙ yr −2 kpc −2 , which is comparable to other starburst galaxies (cf. Figure 15 in Bigiel et al. 2008) .
Even in low-metallicity environments, young starforming regions can still be subject to significant internal extinction, making them difficult to study in the opti-cal and infrared (Thuan et al. 1999; Plante & Sauvage 2002; Galliano et al. 2003 Galliano et al. , 2005 . In the radio, however, free-free emission from the ionized gas surrounding young massive stars is minimally affected by extinction by dust. Consequently, free-free emission provides us with an important tool for inferring the properties of the young massive clusters that may be partially or totally obscured at optical wavelengths. It is not perfect tool though: the number of ionizing photons produced by the obscured, young, massive stars may be underestimated because these photons are absorbed by dust or escape from the region (see the discussion in Section 3.1.3).
The goal of this paper is to quantify the properties of star formation in the low-metallicity, low-mass, and high star formation rate surface density environment found in II Zw 40. We present measurements of the young massive cluster population in II Zw 40 using new 6.2 cm, 3.5 cm, and 1.3 cm radio continuum images from the National Radio Astronomy Observatory (NRAO) Very Large Array (VLA) 3 ( § 2.1) and previously unpublished highresolution optical F555W (∼V-band), F658N (Hα), and F814W (∼I-band) images from the Advanced Camera for Surveys (ACS) on the Hubble Space Telescope (HST) 4 ( § 2.2). We describe the properties of the young massive clusters as seen in the radio continuum ( § 3.1) and the optical ( § 3.2). Then we discuss the implications of our results including the cluster luminosity function as traced by the H ii region luminosity function ( § 4.1) and the internal dust extinction ( § 4.2) . Finally, we summarize our results and present our conclusions and their implications ( § 5) .
This paper assumes a distance to II Zw 40 of 10 Mpc (Tully & Fisher 1988) . At this distance, 0.1 ′′ corresponds to 4.8 pc.
DATA
To trace the obscured young massive star formation in II Zw 40, we obtained high resolution radio continuum observations at 6.2 cm, 3.5 cm, and 1.3 cm with the VLA. The array configurations were chosen to produce relatively matched u-v coverage at each frequency. These new observations have the sensitivity and resolution necessary to probe the physical scales and flux densities of embedded star forming regions; they are 2.4 to 7 times more sensitive in surface brightness, 4 to 20 times deeper in point source sensitivity, and 2 to 3 times higher resolution than the previous highest resolution radio continuum survey (Beck et al. 2002) .
5 Table 1 summarizes the radio continuum data used in this paper. The calibration and imaging of these data are detailed in § 2.1
To obtain a more complete picture of star formation in II Zw 40, this paper also includes high resolution optical F555W (similar to V-band), F658N (Hα), and F814W
3 The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc.
4 Based on observations made with the NASA/ESA Hubble Space Telescope, obtained from the Data Archive at the Space Telescope Science Institute, which is operated by the Association of Universities for Research in Astronomy, Inc., under NASA contract NAS 5-26555. These observations are associated with program #6739. 5 We included some of the archival data from Beck et al. (2002) to increase sensitivity and avoid unnecessarily duplicating observations.
(similar to I-band) observations from the HST. We use these data to parameterize the unobscured young massive clusters in II Zw 40 -in particular, the two bright optically visible SSCs. The optical data also measure the Hα emission from the ionized gas. More detailed information on the HST data is provided in § 2.2. Figure 1 gives an overview of the observations presented here, illustrating the overall morphology and size of II Zw 40 and the central few hundred parsec region of II Zw 40 probed by our observations.
VLA Data
The details for the VLA observations are given in Table 1. The use of the Pie Town link, a Very Long Baseline Array (VLBA) antenna located approximately 52 km away from the main VLA site, doubles the resolution of the VLA A configuration (Ulvestad et al. 1998) . For all the observations, the correlator was set up to provide two 50 MHz IFs. These IFs were tuned to 4.8851 and 4.8351 GHz, 8.4351 GHz and 8.4851 GHz, and 22.4851 and 22.4351 GHz for the 6.2 cm, 3.5 cm, and 1.3 cm observations, respectively. For the 1.3 cm observations, reference pointing was done every hour to minimize pointing errors and fast switching mode was used to minimize atmospheric phase variations. We have removed the 4 EVLA antennas from the August 2006 data set to avoid introducing phase closure errors in the crossed (EVLA-VLA) baselines because of mismatches in the bandpasses of the VLA and EVLA receivers.
The 6.2 cm and 3.5 cm data were reduced using the standard AIPS reduction procedures detailed in Appendix A of the AIPS Cookbook (Greisen 2010 ). Here we provide a sketch of the calibration. The data were read in with FILLM and the flux density of the primary calibrator was established using SETJY. Then the amplitude and phases of the primary and secondary calibrator were determined using CALIB; a model was used for the primary calibrator and the secondary calibrator was assumed to be a point source. The flux density of the secondary calibrators were determined using GETJY. Finally, the calibration solutions were applied using CLCAL. The 1.3 cm data were reduced following the procedure in Appendix D in the AIPS Cookbook (Greisen 2010) . First, the data were read in and had atmospheric corrections applied based on current and seasonal weather data using the task FILLM. The positions of the antennas were corrected using the task VLANT. Then, we set the flux density of the primary calibrator using SETJY. We calibrated the phases of the primary and secondary calibrators with CALIB using a solution interval of 30s, again using a model for the primary calibrator and assuming the secondary calibrator is a point source. For the August 2006 observations, the u-v range for the solutions for the secondary calibrator was restricted to baselines less than 300 kλ. The other data sets were taken during better conditions and the u-v range of the solutions did not need to be restricted to produce a good calibration. We applied these phase calibrations using CLCAL. Then we calibrated the amplitudes and phases of the primary and secondary calibrators with CALIB using the scan length as the solution interval. Again, for the August 2006 data set we restricted the solution for the secondary calibrators to baselines to less than 300 kλ. We bootstrapped the flux density of the secondary calibrators from the flux density of the primary calibrator using GETJY. Finally, we applied the antenna-based amplitude and phase calibration using CLCAL.
The process of creating images from the visibilities measured by an interferometer depends on the scientific goals of the project and the properties of the data. Our two goals for this data -to measure the radio continuum spectrum and to identify individual radio continuum sources -required us to produce two different sets of images.
To measure the global radio continuum spectrum, we matched the spatial resolutions and u-v coverage at different wavelengths to reduce systematic effects from differences in spatial sampling. The matched u-v coverage 6.2 cm, 3.5 cm, and 1.3 cm images are shown on the same spatial scale in Figure 2 and image properties are given in Table 2 . We note that cleaning the images does not change the derived total flux. The total flux in an image with a zero-spacing flux value of 18 mJy (the Klein et al. 1991 value for the total 22 GHz flux) is within 0.2% of the total flux in an image with zero-spacing flux value of 0 mJy.
The spatial resolution of the matched beam images is 12 to 20 pc: too large to probe the physical size scales of natal clusters. To identify and measure the properties of individual radio continuum sources, we produced a high resolution, robust=0 image of the 1.3 cm continuum data with a physical resolution of 6.7 by 5.8 pc: two to three times higher than the resolution of the matched images and comparable to the size scales of individual clusters. The 1.3 cm robust = 0 image is shown in Figure 3 and the image properties are given in Table 2 clusters (Reines et al. 2010 ). In addition, at the redshift of II Zw 40, the F658N narrow-band filter contains both the Hα and [NII]λ6584 emission lines. However, spectroscopic observations of the brightest part of the galaxy show that the [NII]λ6584 flux density is only ∼ 2% of the Hα flux density (Guseva et al. 2000) . Therefore, we expect the contamination from this line to be negligible.
The nominal astrometry of the HST/ACS images is only accurate to within ∼ 1 ′′ while the VLA astrometry is good to within ∼ 0.
′′ 1 and is considered absolute by comparison. We therefore register the optical HST images to the high resolution VLA 1.3 cm image by bootstrapping from a continuum-subtracted HST NICMOS Paschen α image which traces the same ionized gas as the thermal radio emission (modulo extinction). The F658N ACS image containing both Hα emission and stellar continuum was then registered to the Paschen α image. The F555W and F814W ACS images are aligned with the registered F658N image. We estimate that the final relative astrometry is accurate to 0.1 ′′ based on a comparison of the Paschen α data and the radio continuum data. Figure 3 shows the distribution of the re-registered HST ACS F658N, F555W, and F814W and the NICMOS Paschen α compared to our highest resolution 1.3 cm data.
RESULTS

Properties of the Radio Continuum Emission
Here we describe the measured properties of the radio continuum emission in II Zw 40 and quantify the young, still obscured, massive cluster population in this galaxy. We start by using the radio continuum emission spectrum of the central region of II Zw 40 to determine whether the radio continuum emission there is predominantly thermal free-free emission produced by young massive clusters or non-thermal synchrotron emission produced by supernovae ( §3.1.1). We then identify discrete radio continuum sources and measure their flux densities ( § 3.1.2). Finally, we estimate the physical properties of the sources ( § 3.1.3).
Radio Continuum Spectrum
The radio continuum spectrum reveals the dominant emission mechanisms in a region. In general, the radio continuum spectrum consists of two components: a thermal component generated by free-free emission and associated with young massive clusters and a non-thermal component generated by synchrotron emission and associated with supernovae. To first order, the intrinsic spectra of the optically thin free-free emission and synchrotron emission can both be represented by power laws with spectral indices 6 of −0.1 and ≈ −0.7, respectively. The spectral index of the free-free emission is well-defined, but the spectral index of the synchrotron emission has a large variation because it depends on the cosmic ray electron spectrum (Beck & Krause 2005) .
We measured the radio continuum spectrum of the central region of II Zw 40 to determine the main emission mechanisms at work ( Table 4 ). The flux densities at each frequency were determined using an aperture 6 ′′ in diameter; this aperture includes the entire central emission region at all three frequencies. We estimate that the flux density errors are 20%. This error takes into account the typical uncertainty in absolute flux density calibration for the VLA ( 3%; Perley & Butler 2012) and the uncertainty in the photometry derived from a comparison of different photometry methods (Gaussian fitting, SURPHOT (see § 3.1.2), CASA 7 image viewer regions). The matched u-v coverage images are not sensitive to emission on scales larger than 18.4 ′′ due to the inner 11.2 kλ cut-off in u-v space and thus may underestimate the total amount of flux in the region. We use the radio continuum spectrum model from Klein et al. (1991) to estimate the amount of missing flux in our images. This model is based on single-dish data and interferometer measurements that are sensitive to much larger angular scales than our data. Comparing our data with this model shows that our matched u-v coverage images do not include approximately 50-60% of total radio continuum flux (Table 4) . Therefore, the radio continuum spectrum that we derive is specific to the compact central region of II Zw 40 rather than the entire galaxy and represents only the emission with spatial frequencies between 11.2 and 1000 kλ.
Since there are flux density measurements at only three frequencies, the most appropriate model for the data is the following (Duric et al. 1988; Niklas et al. 1997) :
where S is the flux density at frequency ν, S 0 is the flux density at frequency ν 0 , p th is the fraction of thermal emission, and α nt is the spectral index of the non-thermal emission. The radio continuum spectrum for the central region of II Zw 40 appears to be dominated by thermal emission with a smaller non-thermal component (Figure 4) . The 1.3 cm and 3.5 cm points can be fit by a single power law with a spectral index of -0.1. Adding the 6.2 cm data point requires including a non-thermal component. This non-thermal component contributes approximately 20% of the total flux density at 6.2 cm. Using the calculated χ 2 values for a range of p th and α nt values, the best fit values for p th and α nt are 0.99 and -2.17 with a reduced chi-squared value of 0.0065 (bottom panel of Figure 4 ). The best reduced chi-squared value is significantly lower than 1.0, suggesting that the errors on our data may be overly conservative. However, we retain the larger 20% errors because they better reflect the systematic uncertainities in our data, not just the much smaller measurement errors. The value for p th is well determined and lies between 0.75 and 1.0. The value of α nt is much less well determined and ranges from -0.5 to -2.17. The latter value is unrealistically steep for α nt , so we interpret this constraint as α nt ≤ −0.5. These results are consistent with previous studies of II Zw 40 (Sramek & Weedman 1986; Klein et al. 1991; Deeg et al. 1993; Beck et al. 2002) , although the spectrum measured here is specific to the spatial scales included in our images and is not be representative of the total radio continuum spectrum of II Zw 40 because of the missing large-scale flux.
The weak synchrotron emission in the central region of II Zw 40 implies its current supernova rate is low. In our Galaxy, the synchrotron luminosity is related to the supernova rate by
( 2) where L N is the supernova luminosity at frequency ν and ν sn is the supernova rate (Condon 1992) . 8 Using α nt = −0.5, we estimate a current supernova rate in the center of II Zw 40 of 4 × 10 −4 yr −1 , which is accurate within a factor of a few.
Supernova rates from Starburst 99 models are similar to this value for continuous bursts with ages less than 3.5 Myr and for instanteous bursts with ages either less than 3.5 Myr or greater than 40.0 Myr (Leitherer et al. 1999) . These limits reflect the upper and lower stellar mass limits for supernovae in Starburst 99, which are 100M ⊙ and 8M ⊙ . At ages less than 3.5 Myr, the 100M ⊙ stars have not evolved enough to go supernova and at ages greater than 40 Myr, all the stars with masses greater than 8M ⊙ have already exploded. For the continuous burst, only the upper mass limit matters because new clusters are continually being produced.
The age of the burst seen in the radio continuum is most likely less than 3.5 Myr. Based on optical and nearinfrared photometry and spectra, Vanzi et al. (1996) estimate that the starburst is less than 4 Myr old. II Zw 40 also shows other signs of a recent burst of star formation: optically visible super star clusters (SSCs) and several ultra compact H ii regions, which may harbor young, still obscured, SSCs (Beck et al. 2002; Vanzi et al. 2008 ). However, our radio continuum age estimate relies on the relationship between the observed synchrotron emission and the supernova rate being roughly the same in II Zw 40 as in the Milky Way. The escape of cosmic ray electrons from II Zw 40 or cosmic ray energy losses in its dense starburst environment (Lacki et al. 2010 ) could reduce the amount of observed synchrotron emission per supernova.
In contrast to previous results by Beck et al. (2002) , we do not find any evidence for discrete sources with purely positive spectral indices (and thus optically thick thermal emission) at the size scales probed by our matched beam images. This contrast is consistent with a difference in the adopted 1.3 cm flux scales; Beck et al. adopt a 1.3 cm flux scale a factor of 1.34 greater than the 1.3 cm flux scale adopted here. Using a flux density scale that is too large would increase the derived flux at 1.3 cm and give the appearance of a positive spectral index at 1.3 cm. Our flux density scale calibration is more robust than the flux density scale calibration in Beck et al. because we use a model for the flux calibrator source structure rather than assuming it is a point source. These models were not available when the data used in Beck et al. were calibrated. For high angular resolution data, this step is critical because the flux calibrator sources are unlikely to be point sources. We confirmed that the difference between the radio continuum spectrum in Figure 4 and the radio continuum spectrum in Beck et al. (2002) is not due to differences in the u-v range imaged; we created a set of images using our data with the same u-v cutoff as in Beck et al. ( 20kλ) and did not see evidence for any sources with positive spectral indices.
We also created a spectral index map to explore the properties and morphology of the radio continuum emission on smaller scales ( Figure 5 ). Spectral index maps are sensitive to systematic errors. Both of the input images must sample the same spatial scales and have the same resolution. Therefore, we cannot use the high resolution, robust=0, 1.3 cm image to create the spectral index maps because the maps at other frequencies would not match its resolution or include the same range of spatial scales. Instead, we created a spectral index map using the matched u-v coverage images (see § 2.1 for details). We blanked any pixels where the formal error on the spectral index was greater than 0.1. While the resolution of these images is two to three times larger than the robust=0, 1.3 cm images, it provides a general picture of the spectral indices for different parts of the central star-forming region of II Zw 40.
As one might expect from the radio continuum spectrum, the spectral index map shows that the central region of II Zw 40 is dominated by optically thin free-free emission with a contribution from synchrotron emission ( Figure 5 ). The indices in this map vary between -0.26 and -0.08. The contribution from synchrotron emission appears to increase towards the northwestern and the northeastern edges of the galaxy, but there do not appear to be any discrete synchrotron dominated (α −0.7) sources similar to the candidate AGN in the dwarf starburst galaxy He 2-10 (Reines et al. 2011; Reines & Deller 2012) or supernova remnants.
Identifying Radio Continuum Sources
In addition to constraining the dominant continuum emission mechanisms in II Zw 40 ( §3.1.1), these radio continuum data are well-suited to measuring the properties of the young massive clusters in this galaxy. The goal of this subsection is to use the robust=0, 1.3 cm radio continuum image with a linear resolution of ∼7 pc to identify discrete radio continuum sources (which may consist of one or more clusters) and measure their flux densities.
The discrete sources in the robust=0, 1.3 cm image were identified by examining contour plots overlaid on greyscale images of the emission. A source was identified where the presence of a 6σ or greater contour defined a bound region. The sources are shown in Figure 3 . We do not have data with sufficient resolution at 3.5 and 6.2 cm to determine the radio continuum spectral index for each source and conclusively identify the emission mechanism. However, we expect that most of the discrete sources identified at 1.3 cm are thermal because the radio continuum spectrum is dominated by free-free emission at that wavelength ( § 3.1.1).
To quantify this, we compare the noise in our robust=0, 1.3 cm with a fiducial H ii region (W49) and a fiducial supernova remnant (Cas A). We estimate a 22.46 GHz flux density for a W49A-like region of 0.1 mJy by extrapolating from the measurements of Mezger et al. (1967) assuming strictly thermal emission and accounting for the distance to II Zw 40; this flux is well above our detection limit. Cas A -the brightest Milky Way supernova remnant -would have a flux density of 19 µJy at the distance of II Zw 40, based on the flux density models of Baars et al. (1977) . This flux density is below our noise limit in the 1.3 cm, robust=0 image (24.01 µJy beam −1 ). However, the upper end of the supernova remnant luminosity function may be better sampled in galaxies with high star formation rates (Chomiuk & Wilcots 2009b) . For example, the dwarf starburst galaxy NGC 4449 has a supernova remnant with a luminosity five times that of Cas A (Chomiuk & Wilcots 2009a) . A supernova remnant with this luminosity would be detected at only the 4σ level in our data. Given that only one of the 43 supernova remnants in the Chomiuk & Wilcots (2009a) sample was brighter than Cas A, it is unlikely that any of our sources are supernova remnants, even if they are as bright as the brightest supernova remnant in NGC 4449.
The complex morphology of the thermal emission in II Zw 40 makes interpretation of the sources difficult. To better characterize the radio continuum sources, we have chosen to divide our source list into two categories: compact or diffuse. We define compact sources as sources whose contours follow the same approximate shape down to the sensitivity limit of the data, while the diffuse sources are the sources whose contours significantly change shape between the highest and lowest contour. While the compact sources (D, E, G, H, I, K) are most likely clusters, the nature of the diffuse sources (A, B, C, F, J) is more uncertain. These sources could be produced by a number of emission mechanisms including a star cluster that is superimposed on diffuse thermal emission, the limb of an ionized gas bubble, diffuse synchrotron emission from a supernova, or the ionized outer edge of a molecular cloud. Beck et al. (2002) ′′ 02 (J2000) is source G in this paper. The other three sources identified in that study, which were marginal 3.5σ detections, do not correspond to any of the sources identified in this paper. We suggest that the three low signal to noise detections identified by Beck et al. (2002) are spurious given the robust=0, 1.3 cm image used in our analysis has comparable resolution to the uniformly weighted Beck et al. image and 1/7 the noise.
We measured 1.3 cm radio continuum flux densities (Table 5) for each source using the program SURPHOT (Reines et al. 2008a) , which determines the source flux densities in irregularly shaped regions by summing the flux densities in a user-defined region and subtracting an appropriate background. We used the lowest contour for each source to define the regions. The background for each source was determined using an annulus with the same shape as the source region but a larger size. The size and width of the annulus was chosen for each source to avoid the main body of radio continuum emission in the region and thus accurately reflect the background.
We can compare the global radio continuum emission in the center of II Zw 40 with the emission from the discrete, cluster-sized sources to determine what fraction of the radio continuum emission originates from young massive clusters and what fraction is more diffuse. We find only 44% of the total flux in the central region originates from individual, cluster-sized sources; a large fraction of the radio continuum emission in the center of II Zw 40 is diffuse (Table 5 ). The diffuse emission in the center of II Zw 40 could be due to a porous ISM allowing ionizing photons to escape the regions in which they were produced. Similar fractions of diffuse emission are seen in the low-metallicity, dwarf, starburst galaxy SBS0335-052 (Johnson et al. 2009 ). Haro 3 also exhibits evidence for a porous and clumpy interstellar medium (Johnson et al. 2004 ).
Physical Properties of the Radio Continuum Sources
Given the likelihood that the discrete sources identified here are predominantly thermal at 1.3 cm, we derive the properties of the embedded ionizing clusters using the 1.3 cm continuum flux densities. These properties include an estimate of the number of ionizing photons produced by the young massive stars, the number of equivalent O-stars, the cluster masses for the individual sources, and the star formation rates for the combined sources (Table 6 ).
The ionizing photon flux can be estimated using
where N ion is the number of ionizing photons, n(He + )/n(H + ) is the ratio of ionized helium to ionized hydrogen, ν is the frequency of the emission, T is the temperature of the region, and f ν is the flux density of the thermal radio continuum emission (Hunt et al. 2004 ). This expression is valid for temperatures between 10,000 K and 20,000 K. We assume a temperature for II Zw 40 of 13,000 K, which is the average temperature measured by Walsh & Roy (1993) . We use a value of 0.062 for the n(He + )/n(H + ) ratio; this is the average of the n(He + )/n(H + ) ratios found by Walsh & Roy (1993) . The resulting number of ionizing photons inferred for each region is given in Table 6 . The number of equivalent O-stars in Table 6 was calculated from this number by assuming that one O7.5V star produces 10 49 ionizing photons per second (Leitherer 1990; Vacca 1994; Vacca et al. 1996) . The cluster masses for each source were estimated using the number of ionizing photons for Starburst 99 models of a instantaneous burst of star formation with a metallicity of Z=0.004 and an age less than 3.5 Myr.
The number of ionizing photons calculated using Equation 3 is a lower limit. Radio continuum emission is not affected by extinction along the line of sight from the emitting medium. However, there are several other effects that could reduce the number of ionizing photons estimated from the radio continuum. First, ionizing photons could heat the dust rather than ionizing hydrogen, although we expect this effect to be less important for lower metallicity galaxies because of their lower dust-to-gas ratios. For the LMC, 30% of the photons heat the dust rather than ionizing hydrogen (Inoue 2001) . This fraction represents an upper limit on the fraction of photons that go into heating dust since the LMC has a metallicity of 1/3 solar (12 + log(O/H) = 8.3; Dufour 1984), which is slightly higher than the metallicity of II Zw 40 (1/5 solar). In addition, ionizing photons can leak out of the region if the interstellar medium is clumpy and porous. Approximately 25% of the photons in a region are lost to this effect (Hunter & Gallagher 1997; Relaño et al. 2012 ).
Finally, if the H ii region is optically thick (Kobulnicky & Johnson 1999; Johnson & Kobulnicky 2003) , then the number of ionizing photons inferred only represents the free-free emission from the surface of the region, rather than the entire three dimensional volume. There is no evidence for this effect on the size scales probed by these observations of II Zw 40, which would manifest as regions with positive spectral indices, indicating self-absorption. Given the possibilities of absorption and leakage of ionizing photons, the overall intrinsic ionizing photon fluxes estimated here could be underestimated by as much as a factor of 2. This value is consistent with the observed ratio of the diffuse to discrete emission determined in § 3.1.2. The cluster properties estimated above reveal that six out of the eleven sources identified here require fewer than 100 O-stars to produce the measured ionizing photon fluxes. These ionizing photon fluxes correspond to cluster masses of less than ∼ 2.5 × 10 4 M ⊙ (Leitherer et al. 1999 ). The relatively low number of Ostars in the sources suggests that the star formation in the center of II Zw 40 is not concentrated in a single massive cluster, but is distributed across the region in several less massive clusters. In addition, there are many extended, faint features, which suggest a porous and clumpy ISM rather than a density-or radiation-bounded region.
Compared to the closest example of a starburst region, 30 Doradus in the Large Magellanic Cloud, the center of II Zw 40 is the same size as 30 Doradus' central cluster NGC 2070 (∼40 pc across (Walborn 1991) ), but has an ionizing photon flux six times higher (Mills et al. 1978) . The individual radio continuum sources in II Zw 40 are similar in size to the core of R136 (2.5 pc; Malumuth & Heap 1994) , but three of these sources have ionizing photon fluxes greater than or equal to that of R136 (D, G, and H). All three of these sources are also classified as compact sources, which strengthens our identification of the compact sources as probable young massive clusters. Overall, the center of II Zw 40 appears to be a more extreme starburst than 30 Doradus. The star formation rates for the combined sources in II Zw 40 were estimated from the ionizing photon flux using SF R M ⊙ yr −1 ∼ 7.269 × 10 −54 N ion (4) (Murphy et al. 2011) . 9 The star formation rate for the entire central region of II Zw 40 is 0.34 M ⊙ yr −1 ; see Table 6 for the star formation rates in the other regions. Equation (4) assumes a 100 Myr constant star formation rate and solar metallicity. However, simulations by Calzetti et al. (2007) show that star formation rates determined using ionizing photon fluxes only vary by 20% for younger burst ages and metallicities between 1 and 1/5 solar. An estimate of the effect of a shorter burst age can be made by dividing the total cluster mass (7.4 × 10 5 M ⊙ ) by the upper limit on the age of the burst (3.5 Myr; § 3.1.1; Vanzi et al. 1996) . This calculation gives a minimum star formation rate of 0.2 M ⊙ yr −1 , which is consistent with the star formation rate estimates derived above. Finally, we note that while the star formation rates calculated above are internally self-consistent, different star formation rate calibrations give star formation rates that vary by a factor of 2 (Leroy et al. 2012) .
The star formation rates show that star formation in II Zw 40 is centrally concentrated with a high surface density. The star formation rate for the 20 pc by 42 pc central region of II Zw 40 is a quarter of the total star formation rate of II Zw 40 itself (∼ 1.4 M ⊙ yr −1 ; estimated using a 1.2 cm single dish flux density from Klein et al. 1984 and Equations (3) and (4)) and an eighth of the total star formation rate of the Milky Way (∼ 2 M ⊙ yr −1 ; Chomiuk & Povich 2011). The star formation rate surface density of the central region of II Zw 40 is 520 M ⊙ yr −1 kpc −2 . This value is twenty times higher than the star formation rate surface density of the extremely low-metallicity (1/50 solar) dwarf starburst galaxy SBS0335-052 (Johnson et al. 2009 ) and corresponds to the star formation rate surface density values seen in the most strongly starbursting galaxies in Bigiel et al. (2008) . The star formation rate surface density of II Zw 40 is greater than the empirical upper limit for star formation rate surface densi-9 Star formation rates derived from free-free emission are not affected by dust absorbing the photons emitted by the ionized gas as an Hα-based star formation rate would be, and thus do not need a 24µm-correction term (Murphy et al. 2011) . However, the star formation rate may still be an underestimate because it does not account for dust absorption of the ionizing photons from the young massive stars (Leroy et al. 2012 ). et al. (1997) . However, it is less than the upper Eddington limit on the star formation rate surface density set by the effect of radiation pressure on dust (1000 M ⊙ yr −1 kpc −2 ; Thompson et al. 2005) . Therefore, we do not expect a radiation-driven outflow of material from II Zw 40.
ties (45 M
⊙ yr −1 kpc −2 ) derived by Meurer
Optical Cluster Properties
A complete picture of the recent star formation in the center of II Zw 40 includes both the properties of the obscured clusters derived from radio continuum in § 3.1 and the properties of the two unobscured optical clusters seen in the HST images (Figures 1 and 3) . We refer to the two dominant optical clusters as SSC-North and SSC-South. SSC-North is surrounded by bright ionized gas detected at both optical and radio wavelengths, while SSC-South is not associated with strong nebular emission. This section presents estimates of the number of ionizing photons, masses, and ages of the optical clusters from measurements of their optical flux densities.
Optical flux densities of SSC-North and SSC-South were obtained using SURPHOT (Reines et al. 2008a ). We used a circular aperture of radius 7 pixels (0.
′′ 175) which includes the first Airy ring of the PSF. For SSCSouth, the background was estimated in an annulus with inner and outer radii of 12 and 18 pixels (0.
′′ 3 and 0. ′′ 45). For SSC-North, the background was estimated in a more extended annulus with inner and outer radii of 18 and 28 pixels (0.
′′ 45 and 0. ′′ 70) to avoid the extended ionized gas emission not directly associated with the cluster. Aperture corrections were not applied since they are negligible for such a large aperture as determined using the Tiny Tim web interface.
10 The derived flux densities for the clusters are given in Table 3 . The ionizing photon fluxes and number of equivalent O stars was calculated from the foreground Galactic extinction corrected Hα flux using Equations (3) and (7) and an E(B −V )=0.57 (Burstein & Heiles 1982) .
11
Physical properties of the clusters were estimated by comparing the observed photometry to Starburst99 (Version 5.1, Leitherer et al. 1999 ) and GALEV (Kotulla et al. 2009 ) evolutionary synthesis models. Details of the models used here can be found in Reines et al. (2010) . Briefly, both sets of models are for an instantaneous burst 12 with a Kroupa IMF and use the Geneva evolutionary tracks with a metallicity of Z = 0.004 to match the measured metallicity of II Zw 40 (12 + log(O/H) = 8.09; Guseva et al. 2000) . Stellar and nebular continuum are included in both sets of models, however, the GALEV models also include emission lines (e.g. Anders & Fritze-v 
. Alvensleben 2003).
10 http://www.stsci.edu/software/tinytim/tinytim.html 11 We use the Burstein and Heiles E(B −V ) values because the E(B −V ) values from Schlegel et al. (1998) and its re-calibration by Schlafly & Finkbeiner (2011) are larger than the average total extinction we find in the near-infrared for II Zw 40 by comparing our radio continuum data and near-infrared data from the literature (see § 4.2.2).
12 For SSC-North, the choice of instantaneous or continuous burst of star formation does not affect the derived age. For SSCSouth, a continuous burst of star formation would require an unrealistically old age for the cluster ( 1Gyr), given that the current burst of star formation in II Zw 40 is less than 4 Myr old (Vanzi et al. 1996) .
Ages of the clusters were estimated using the equivalent width (EW) of Hα. The EWs were calculated as (f F 658N − f cont )∆λ F 658N /f cont where f F 658N is the flux density through the F658N filter, ∆λ F 658N is the width of the F658N filter (78Å, HST ACS Cycle 18 Instrument Handbook, Table 5 .1), and f cont is the continuum (stellar + nebular) flux density. The archival HST ACS observations did not include a corresponding continuum filter for the F658N filter. Therefore, the continuum was estimated by interpolating between the flux densities in the adjacent F555W and F814W filters. The Hα EWs of SSC-North and SSC-South are ∼ 460Å and ∼ 50Å, respectively. The corresponding ages inferred from the Starburst99 models are 5.0 Myr for SSC-North and ∼9.4 +1.4 −1.0 Myr for SSC-South. The presence of emission lines in the F555W and F814W filters may affect the estimated continuum and thus the Hα-derived optical cluster properties. While SSC-South is old enough that line contamination is minimal, SSC-North is young enough that line contamination could significantly affect the continuum estimate (see Figure 11 in Reines et al. 2010) . We estimate the line contamination for the SSC-North F555W and F814W measurements using the line contamination calculated in Table 4 of Reines et al. (2010) for a cluster in the galaxy NGC 4449 with a similar age and metallicity. From this table, we find that line emission could contribute about 25% of the flux in the F814W filter and about 63% of the flux in the F555W filter for SSC-North. After correcting the flux for SSC-North in these filters for the estimated line contamination, the resulting Hα fluxes (and number of ionizing photons and number of O stars) only differ by 10% from the estimates given in our Table 7 . The resulting Hα equivalent width changes from ∼ 460Å to ∼ 986Å, but age limit derived from this quantity does not change significantly ( 4Myr instead of 5Myr).
To estimate the extinction of the clusters, we compared the observed m F 555W − m F 814W color to the Starburst99 and GALEV model colors. Figure 6 shows the model colors as a function of age, accounting for Galactic foreground reddening using the extinction curve of Cardelli et al. (1989) . Color evolutionary tracks using E(B − V ) = 0.82 (Schlegel et al. 1998 ) and E(B − V ) = 0.57 (Burstein & Heiles 1982) are shown for both the Starburst99 and GALEV models. Both clusters appear to have minimal internal reddening. However, it is possible that some of the optical light is completely absorbed (and not impacting our measured extinction) in a dense and clumpy ISM (e.g. Reines et al. 2008b) , especially for the younger SSC-North.
Masses of the clusters were estimated by comparing the observed flux densities in the F555W and F814W filters to the model flux densities for a 10 5 M ⊙ cluster. Lower limits of the cluster masses were obtained by assuming no internal extinction and a Galactic foreground reddening of E(B − V ) = 0.57. For SSC-North, we used the GALEV model since emission lines are significant at such a young age (e.g., Reines et al. 2010 ) and obtained a minimum mass of 0.9 × 10 5 M ⊙ . For SSC-South, we obtained a minimum mass of 1.6 × 10 5 M ⊙ . The GALEV and Starburst99 models give nearly the same result for this cluster since the relative importance of nebular emission is significantly diminished by ∼ 10 Myr. Table 7 −1.0 Myr, respectively. The ages were determined using the Hα equivalent width (see § 3.2 for details). The solid lines show the GALEV models that include emission lines in addition to nebular continuum and the dashed lines show the Starburst99 models that only include nebular continuum. The two optical clusters are indicated. We show models using the Burstein & Heiles (1982) extinction, E(B-V)=0.57, and the Schlegel et al. (1998) extinction, E(B-V)=0.82.
gives an overview of the derived properties of the optical clusters.
The masses and ages of the optical clusters derived here agree with other estimates of their age and mass. Using Brγ observations of SSC-North, Vanzi et al. (2008) derive an upper limit on its age of 3 Myr, which agrees with the age derived above. Using our data and the same size aperture as Vanzi et al. (15 ′′ instead of 0.35 ′′ ), we derive a mass for SSC-North of (1 − 5) × 10 6 M ⊙ , which is also in agreement with their mass estimate of 1.7 × 10 6 M ⊙ . For SSC-South, Vanzi et al. find an age of 6 to 7 Myr and a mass of 1.3 × 10 5 M ⊙ , which are similar to our derived values.
A comparison of the optically visible clusters and the radio sources shows that the optical clusters have ionizing photon fluxes (derived from Hα) similar to the fainter radio continuum sources (Figure 7) . The brightest 3 radio continuum sources have 2-4 times more ionizing photons than the brightest optical cluster. However, the number of ionizing photons may be underestimated by a factor of a few for the optical clusters. First, we have chosen an aperture including only the cluster and have excluded much of the surrounding emission; this effect may be particularly important for SSC-N. Second, the foreground extinction may be underestimated; we use the Burstein & Heiles (1982) value rather than the larger Schlegel et al. (1998) or Schlafly & Finkbeiner (2011) . However, we believe our foreground extinction estimate is appropriate because larger values lead to more extinction in the infrared than we measure for II Zw 40 ( § 4.2.2).
The brightest clusters seen in the radio may be producing more ionizing photons than the brighest optical cluster because of differences in either the ages of the clusters or the mass distribution of the clusters. As clusters age, the number of ionizing photons decreases because the most massive stars in the cluster die first. Leitherer et al. (1999) shows that for a cluster of a given mass the number of ionizing photons as a function of time is roughly constant for the first 4 Myr of a burst. Depending on the relative ages of the clusters seen in the radio continuum the difference in the number of ionizing photons between the radio and optical clusters is between 1.5 times (for a radio continuum cluster age of 3 Myr and an optical cluster age of 5 Myr) and 5.6 times (for a radio continuum cluster age of 1 Myr and and optical cluster age of 5 Myr). The mass distribution of the clusters may also change with time, which would lead to differences in the ionizing photon flux between the younger, still obscured radio cluster population and the slightly older, less obscured optical cluster population. If the star formation in the center of II Zw 40 is ramping up and producing more massive clusters, the radio should see an increase in the number of ionizing photons because it is probing a younger generation that is producing more ionizing photons because there are more massive clusters than in the optical. On other hand, if the star formation rate is roughly constant, the difference between the radio and optical sources could reflect the destruction of clusters (Fall et al. 2009 ). Unfortunately, we do not have enough information here to disentangle these possibilities.
DISCUSSION
This section uses the properties of the radio continuum emission ( § 3.1), and the optical clusters ( § 3.2) to explore star formation in the center of II Zw 40. Our goal is to identify whether star formation in this low-metallicity dwarf starburst galaxy is different than star formation in other environments, and if so, what the differences are. First, we quantify the properties of the young massive cluster population in II Zw 40 using the H ii region luminosity function ( § 4.1). Then, we discuss the internal extinction due to dust in II Zw 40 ( § 4.2).
The H ii Region Luminosity Function
In this section, we derive the H ii region luminosity function for the central region of II Zw 40 using its radio continuum source properties ( § 3.1.2). The resolution of our data is well-matched with the size scales of clusters allowing us to directly probe the cluster luminosity function. We compare the derived H ii region luminosity function for II Zw 40 with H ii region luminosity functions in other galaxies to determine whether the physical Fig. 8.- The slope of the H ii region luminosity function for the radio continuum sources identified in II Zw 40 is flatter than those found for earlier type galaxies. The H ii region luminosity function for all sources in II Zw 40 is shown as a solid line, while the H ii region luminosity function for just the compact sources is a dotted line. The fits to the luminosity functions have slopes of −1.59±0.09 for all sources (dash-dotted line) and −1.00 ± 0.43 if only compact sources are included (dash-triple dotted line). Both fits exclude the faintest luminosity bin, which is below the 3σ completeness limit (shown here as a thin, grey, vertical line). Earlier type galaxies tend to have steeper slopes (∼ −2) (Kennicutt et al. 1989) ). This effect has been attributed to cluster sampling statistics (Oey & Clarke 1998) . Later type galaxies tend to have brighter clusters, which tends to produce a flatter luminosity function. Note that fits to luminosity functions in log(N )− log(L) result in an apparent slope of α + 1 because the luminosity function is defined in linear intervals, but the plot is in logarithmic intervals.
conditions in II Zw 40 may impact the cluster population.
A fundamental issue with luminosity functions in dwarf galaxies is that there will be few sources due to the low mass of these galaxies. However, it is still important to build up statistics on their luminosity functions because these galaxies have physical environments that differ from more massive systems.
H ii region luminosity functions are typically modeled as power laws:
where N (L) is the number of clusters in the interval L to L + dL, α is the slope, 13 and A is the normalization constant (Kennicutt et al. 1989 ). The fitted HII region luminosity function slopes are −1.59 ± 0.09 for all the sources and −1.00 ± 0.43 for only the compact sources (Figure 8 ). These fits exclude sources below the completeness limit.
Determining the slope is possible because it relies on the distribution of all the sources rather than the number of counts in a particular luminosity bin. To demonstrate this, we carried out Monte Carlo simulations which generated 1000 H ii region luminosity functions drawn from a power law distribution with the same number of sources as above and fit the slope of each luminosity function. We used two power law distributions: one with a slope 13 Unfortunately, the variable α is commonly used for both the slope of the H ii region luminosity function and the slope of the radio continuum spectrum. We retain the common usage of these variables to avoid confusion with other papers in the literature and rely on context to distinguish them. Fig. 9. -Even with the small sample here we can determine the slope of the H ii region luminosity function. This plot shows the distribution of the slopes fit to simulated H ii region luminosity functions with the same number of sources as we observe. The H ii region luminosity functions were drawn from two power law distributions: one with a slope of -2.35 and the other with a slope of -1.59. The fitted slope values from the Monte Carlo simulation tends to cluster around the true slope value. The slope value determined from our data is shown as the hashed region. We would measure this value only 7% of the time if the true slope was -2.35.
of -2.35, which is comparable to the "typical" slope for a cluster mass function (Kennicutt & Evans 2012) , and the other with a slope of -1.59, the slope derived above for the entire sample. Even with a small number of sources, the distribution of fitted slopes for the simulated H ii region luminosity functions tends to cluster around the true slope of the H ii region luminosity function (Figure 9) . If the true slope were -2.35, the data would only yield a fit with a slope of −1.59 ± 0.09 7% of the time.
The slope of the H ii region luminosity function tends to decrease with the Hubble type of the galaxy; Sa/Sb galaxies have much steeper slopes than irregular galaxies (Kennicutt et al. 1989 ). The slopes of the H ii region luminosity functions for two large spiral galaxies, M101 and M31, are −2.3 ± 0.2 and −2.1 ± 0.2, respectively (Kennicutt et al. 1989) , while the slope for the LMC is −1.75 ± 0.15 (Kennicutt et al. 1989 ). For a sample of irregular galaxies, the average slope is −1.0 ± 0.1 for a sample with no turnover in the luminosity function and −1.5 ± 0.1 for a sample with a turnover in the luminosity function (Youngblood & Hunter 1999) .
We cannot directly compare the slope of our H ii luminosity function to the slopes determined by Kennicutt et al. (1989) and Youngblood & Hunter (1999) because we have much higher resolution (∼ 7pc) than these papers (∼ 30pc). H ii regions identified at low resolutions (30-70 pc) separate into individual H ii regions at higher resolutions (5-10 pc) causing the slope of the luminosity function to steepen (Pleuss et al. 2000; Scoville et al. 2001 ). However, the relative trend of flatter slopes for later type galaxies should be the same for a data set with uniform resolution. Studies of H ii region luminosity functions with 10 pc resolution are rare. In one example, Gutiérrez et al. (2011) derive H ii region luminosity functions using high resolution HST data. They find a similar trend to Kennicutt et al. (1989) : the irregular galaxy NGC 4449 has a flatter luminosity function slope (α = −1.43) than the spiral galaxy M51 (α = −1.79).
The flat slope of the H ii region luminosity function in II Zw 40 may be due to relatively more clusters with high ionizing photon fluxes. This could result from either more massive stars per cluster (i.e., a top-heavy IMF) or a higher relative number of massive clusters than in normal spiral galaxies (Kennicutt et al. 1989 ). The latter possibility is more likely because the IMF in most galaxies appears to be roughly constant (Bastian et al. 2010) . Stochastic models of H ii region luminosity functions suggest more massive clusters in a galaxy produce flatter luminosity function slopes (Oey & Clarke 1998) . However, the relationship between H ii region luminosity functions and cluster mass functions depends on the sampling of the IMF to convert ionizing photon fluxes to masses. This complexity makes any conclusions on the form of the cluster mass function uncertain.
As discussed in the introduction, there are several mechanisms that could lead to galaxies like II Zw 40 having a disproportionate number of more massive clusters, including: low large-scale shear in a quiescent galaxy (Weidner et al. 2010) , high molecular gas surface densities leading to less effective radiation pressure (Krumholz et al. 2010) , or high ISM pressures (Elmegreen & Efremov 1997) . II Zw 40 is in the end stages of a merger as evidenced by its optical (Figure 1) and neutral hydrogen emission (van Zee et al. 1998) . Therefore, we conclude that the most likely explanation for the possible presence of more massive clusters in II Zw 40 is high ISM pressures due to the interaction rather than low large-scale shear, which is unlikely given the merger history of II Zw 40, or less effective radiation pressure, which requires a high dust opacity.
Internal Extinction
This section uses the free-free emission in the radio with the Hα emission in the optical (as well as other hydrogen recombination lines in the optical and infrared) to measure the internal extinction in II Zw 40. Freefree emission is produced by the same electrons that produce Hα emission in the optical; both of these emission mechanisms fundamentally trace the same physical region. However, free-free emission is not attenuated by dust, unlike Hα emission (or any of the standard Balmer, Paschen, or even Brackett transitions). Therefore, the internal dust extinction can be estimated by comparing the Hα emission predicted by the free-free emission in the radio to the observed Hα emission in the optical. Section 4.2.1 estimates the extinctions for the individual sources in II Zw 40, while §4.2.2 determines the internal extinction as a function of wavelength integrated over the central region of II Zw 40.
There are two key facts to remember about internal extinctions derived using this method. First, the internal extinction is a convolution of the properties of the dust and the geometry of the dust and the young massive stars, not just the properties of the dust alone. In other words, extinction estimates of this type are luminosity weighted: regions with a greater contribution to the total light will dominate. A second related point is that this extinction estimate will be a lower limit for the total extinction in the galaxy if photons are absorbed by dust or escape the region rather than ionizing hydrogen.
Individual source extinction values
The internal extinctions for the individual radio continuum sources defined in § 3.1.2 were calculated in the following way:
1. We measured the optical flux densities for each radio continuum source using the HST ACS data (Table 8). The continuum for the F658N filter was estimated using the same method as in §3.2.
2. We corrected the optical Hα fluxes for foreground Galactic extinction using f Hα,c = f Hα 100
where f Hα,c is the Hα flux corrected for foreground Galactic extinction, f Hα is the measured Hα flux, and A gal,Hα is the foreground Galactic extinction. (Table 9 ). The foreground extinction at the position of II Zw 40 is E(B −V ) = 0.57 (Burstein & Heiles 1982) , which translates to an extinction at the wavelength of Hα of 1.4 magnitudes, assuming an R V =3.1 Milky Way extinction curve (Cardelli et al. 1989 ).
3. We calculated the expected Hα flux based on the radio continuum for each source using the high resolution 1.3 cm data and the following equation:
f Hα,est 10 −12 erg cm −2 s −1 = 0.864 1 1 + (n(He + )/n(H + ))
where f Hα,est is the predicted Hα flux and f ν is the flux density of the thermal radio continuum emission (Hunt et al. 2004 ). This expression is accurate for temperatures between 10,000 K and 20,000 K and densities between 100 and 1000 cm −3 . We use the same helium fraction, temperature, and frequency as in Section 3.1.2 for this calculation.
4. We calculated the internal extinction using the Galactic foreground corrected optical Hα flux and the expected Hα flux based on the radio continuum using:
A Hα = 2.5 log f Hα,est f Hα,c (
where A Hα is the extinction in magnitudes.
While many dwarf galaxies can be assumed to be transparent (Wang & Heckman 1996; Bell 2003) , the internal extinctions calculated for II Zw 40 show that this galaxy is more opaque than the typical dwarf galaxy ( Table 9 ). The Hα extinction derived for the entire central region implies that only 30% of the ionized gas is visible in the optical. This high level of internal extinction underscores how crucial long wavelength observations are for studying these regions.
Other estimates of the internal extinction in II Zw 40 from optical hydrogen recombination lines agree with our results.
They range between A V = 0.23 − 1.23 mag with a mean of approximately 0.83 mag (Sargent & Searle 1970; Wynn-Williams & Becklin 1986; Joy & Lester 1988; Walsh & Roy 1993; Vanzi et al. 1996; Davies et al. 1998) . In contrast, much higher values of the internal extinction are derived from dust emission models: A V ∼ 30 (Hunt et al. 2005) . The difference between the optical and dust-derived extinctions suggests that dense gas clumps in II Zw 40 absorb a significant number of photons that would otherwise ionize hydrogen. The extinction inferred from the infrared reflects the photons that are absorbed by dust, but the extinction inferred from the optical recombination lines can only be produced by photons escaping between the dust clumps to ionize hydrogen, lowering the total extinction seen along the line of sight. This trend for extinctions is commonly seen in starburst galaxies (Gordon et al. 1997; Calzetti 2001; Reines et al. 2008b ) and in other dwarf starburst galaxies like Haro 3 and SBS0335-052 (Johnson et al. 2004; Reines et al. 2008b; Johnson et al. 2009 ) and is likely produced by a porous and clumpy interstellar medium.
Internal Extinction Curve Integrated Over the Central Region
The total internal extinction -the internal extinction integrated over the center of II Zw 40 as a function of wavelength -can be measured by comparing our radio continuum measurements to hydrogen recombination line measurements in the optical and near-infrared from the literature and subtracting an estimate of the foreground Milky Way extinction. We use the hydrogen recombination line measurements from Izotov & Thuan (2011) because these data offer uniform coverage over a wide wavelength range (0.36 to 2.46 µm).
We used apertures matching those used by Izotov & Thuan (2011) to measure corresponding radio continuum flux densities. The optical spectra had an extraction aperture of 1.
′′ 1 by 6 ′′ at a position angle of 214
• and the near-infrared spectra had an extraction aperture of 1.
′′ 5 by 4 ′′ at a position angle of 128
• (Y. Izotov, 2011, private communication) . The Hα fluxes estimated from our radio continuum data for the optical and near-infrared apertures are 4.76 × 10 −12 and 4.15 × 10 −12 erg cm −2 s −1 , respectively. We used the Case B, 100 cm −3 , 10,000 K line ratios from Storey & Hummer (1995) and Equation (7) to determine the estimated fluxes for the other hydrogen recombination lines from our radio continuum data.
The near-infrared and optical spectra in Izotov & Thuan (2011) were taken by two different instruments with two different apertures and need to be put on the same flux density scale. Comparing the spectra requires taking into account the distribution of the ionized gas emission. If we assume that the radio continuum and Paschen ǫ line have the same distribution, the flux for the Paschen ǫ in the nearinfrared aperture should be 0.935 times the flux of that line in the optical aperture.
14 The scaling used in Izotov & Thuan (2011) , which was based on the flux of the [SIII] 0.953 µm line in the two spectra and did not account for the spatial distribution of emission, produces a Paschen ǫ line flux in the near-infrared aperture that is 0.842 times that of the Paschen ǫ line flux in the optical aperture. Multiplying the near-infrared values given in Table 3 of Izotov & Thuan (2011) by a factor of 1.11 reproduces the expected line flux ratio between the Paschen ǫ line fluxes in the near-infrared and optical apertures (0.935).
We calculated the internal extinction for II Zw 40 as in Section § 4.2.1 using our radio continuum data, the re-scaled optical and near-infrared line fluxes from Izotov & Thuan (2011) , and an estimate of the foreground Milky Way extinction (Figure 10 ). The integrated internal extinction curve for II Zw 40 is consistent with the metallicity-independent internal extinction curve typical of starburst galaxies (Gordon et al. 1997) . Therefore, the internal extinction curve in II Zw 40 appears to be governed by the starburst and metallicity plays a secondary role. The internal extinction curves for starburst galaxies are thought to be the result of the starburst clearing the dust out of the central burst region leaving behind a shell of clumpy dust (see § 4.2 and Figure 8 in Calzetti et al. 2000) , which is consistent with our model for the internal extinction in II Zw 40 in § 4.2.1. Izotov & Thuan (2011) find that II Zw 40 has similar internal extinction in the near-infrared and the optical. Our internal extinction curve demonstrates that, when the correct scaling factors are applied to their data, the extinction in the near-infrared is significantly less than the extinction in the optical.
SUMMARY AND CONCLUSIONS
This paper presented high resolution radio continuum observations from the VLA and optical observations from HST of the young massive cluster population of the prototypical dwarf starburst galaxy II Zw 40. These observations were used to quantify the properties of star formation in this extreme galactic environment and compare them to the star formation properties of other galaxies.
We found that the radio continuum spectrum of the central portion of II Zw 40 is dominated by free-free Fig. 10. -The variation of internal extinction with inverse wavelength for II Zw 40 is consistent with that of a typical starburst galaxy. The gray points show the total extinction (Milky Way foreground plus II Zw 40 internal extinction) determined by comparing the radio continuum emission presented in this paper with optical and near-infrared line fluxes from Izotov & Thuan (2011) . The radio fluxes were measured using the same apertures as in the optical and near-infrared spectra. The near-infrared line fluxes have been scaled so that the near-infrared Paschen ǫ flux matches the expected near-infrared Paschen ǫ flux based on the distribution of the ionized gas emission and the sizes and orientations of the near-infrared and optical apertures. The solid black line shows the Cardelli et al. (1989) Galactic extinction curve (Rv = 3.1, E(B-V)=0.57). The estimated internal extinction due solely to II Zw 40 (total extinction minus the foreground Milky Way extinction) is shown as black points. A fitted starburst extinction curve is shown as a dash-dot line (Calzetti et al. 2000) . emission from gas ionized by young massive stars. The relatively weak synchrotron emission implies that the supernova rate is low and thus that the current burst of star formation is still relatively young ( 3.5 Myr). The morphology of the radio continuum distribution shows that the star formation in the central part of II Zw 40 is clumpy and distributed. The total ionizing photon flux for the entire central region of II Zw 40 is comparable to that of NGC 2070, the central cluster powering the 30 Doradus region in the LMC, and the star formation rate surface density is extremely high (520 M ⊙ yr −1 kpc −2 ). There are 3 sources with ionizing photon fluxes comparable to the very center of NGC 2070 (R136) in 30 Doradus, but a majority of the sources have fewer ionizing photons. Discrete, cluster-sized sources also only account for roughly half the emission; the remainder is diffuse. The diffuse emission could be due to leakage of ionizing photons from the main star-forming regions.
In the optical, there are two dominant clusters in the central star-forming region of II Zw 40, with the southern cluster having an older estimated age than the northern cluster (9.4 Myr and 5.0 Myr, respectively). The lower limits on the optical cluster ionizing fluxes (which are correlated with the cluster mass) are comparable to the ionizing fluxes of the fainter radio continuum sources. Given that the youngest clusters (identified in the radio) are also the most massive implies either an evolution in the star formation rate in the center of II Zw 40 (i.e. star formation is still ramping up) or an evolution of the cluster population (i.e. disruption of the older clusters or lower ionizing photons fluxes from older clusters).
Monte Carlo simulations verify that the H ii region luminosity function is flatter than the typical cluster mass function (α = −1.59 ± 0.09 instead α ∼ −2.35), reflecting the general trend of later type galaxies having flatter H ii region luminosity functions. This trend implies that II Zw 40 has relatively more massive clusters than an earlier-type galaxy. These massive clusters may be the result of the high ISM pressures produced by the merger that created II Zw 40. This conclusion relies on being able to convert ionizing photon fluxes to masses, which assumes that the IMF is normal and well-populated.
The extinctions derived for II Zw 40 show that, even in low-metallicity galaxies, young massive star-forming regions are relatively opaque. Only thirty percent of the ionizing photons in the center of II Zw 40 are visible in the optical. The dust extinction in II Zw 40 is consistent with the clumpy and porous dust seen in other starburst galaxies, regardless of their metallicity. The measured extinction values appear to be luminosity weighted and thus biased towards regions with little dust.
Although disentangling the relative effects of mass and metallicity is difficult, the star formation properties of II Zw 40 described above appear to be the result of the starburst ignited by its recent merger; the low mass and low metallicity of this galaxy only appear to play a secondary role. II Zw 40's dust extinction is more similar to the values seen in higher mass, higher metallicity starburst galaxies than to the values seen in other low-metallicity dwarf galaxies. Its H ii region luminosity function is relatively flat, which is similar to that seen in irregular galaxies. However, this is likely the effect of the high ISM pressures created in merger-related starburst rather than galaxy mass or metallicity.
Merger-driven bursts of star formation similar to the burst in II Zw 40 may be more common at high redshifts. Evidence from optical studies suggests that massive galaxies at high redshift have morphologies similar to today's low-mass irregular galaxies rather than to today's spirals (Elmegreen et al. 2009 ). Dwarf galaxies are also the most abundant type of galaxy in the universe (Bergvall 2012) . While the merger rate is relatively low today, higher merger rates in the past mean that star formation events like the one in II Zw 40 may have been more likely in the early universe (Lotz et al. 2011 a Since these sources are compared to each other and not to measurements at other wavelengths, the errors on the flux densities are the statistical errors and do not take into account the 20% uncertainty in the photometry. b The individual fluxes for sources D and G are very uncertain because we barely resolve them as two separate sources. c The properties of the combined regions were determined using regions including all the named sources rather than simply adding together the values for the individual sources. d The flux density determined here is lower than the flux density determined in Table 4 because here we are using an aperture defined by the 3σ contour of the high resolution image and there we used an aperture corresponding to the 3σ contour in the lower resolution, matched beam image. 
